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Abstract
The purpose of producing features on bacterial cellulose (BC) is to facilitate the
elongation and alignment for cells, in this case Normal Human Dermal Fibroblast (NHDF) cells.
The elongated cells have applications in wound healing, tissue engineering, disease diagnostics,
and many other fields. Experiments were run to test the effectiveness of transferring features to
BC sheets from features induced by fracturing on polydimethylsiloxane (PDMS) and those
duplicated from molds with existing features. The features were duplicated to BC sheets by
either air drying or Guided Assembly-Based Biolithography (GAB). The research results showed
that fracture inducing on PDMS produced very small features with irregularities that prevented
further use. Features from existing molds produced better and more consistent results on BC. Air
drying resulted in very shallow features on BC sheets that were inconsistent due to air bubbles
being trapped underneath the BC sheet. GAB produced much more uniform features that showed
a statistically significant increase in the elongation of NDHF cells compared to the control when
the features were 50 μm wide, 700 μm deep and 400 μm apart. No strong relationship was found
between the features and cell alignment.

Executive Summary
Problem Statement
This project was created with the purpose of creating micro features on bacterial cellulose
(BC), which can be duplicated from different types of molds, most notably PDMS. These
features would be expected to serve as guides for directing the growth of cells and organizing
proteins into various geometries. The main goal is to increase the elongation of the cells and
control the direction of the elongation using the features. The optimum goal of the cells growth
on these featured BC is to be used in wound healing, tissue engineering, disease diagnostics, and
many other fields.
Results
The features on BC were generated by either air drying of BC hydrogels against a
featured molds or utilizing the Guided Assembly-Based Biolithography (GAB) by placing a
featured plastic mold on the air/water interface during the synthesis of BC by bacteria. Air drying
to impart features to the surface of BC produced a lowered ability for cells to elongate, cells on
the modified surface only elongated, on average, 39% as much as on that on the control. Using
GAB to impart features to the surface of BC produced an increased ability for the cells to
elongate than the control, on average the cells were twice as long on the modified surface as the
control. Also, on the surface of BC modified by GAB with 3D printed features, the elongated
cells aligned closely to the strip features with an average angle to the strip feature of 32 - 33°.
Conclusion
The experimental results concluded that using GAB to impart features onto BC was
effective in producing elongated fibroblasts, especially when larger features (50 – 400 m) were
generated using 3D printing. Fracture inducing features, with feature width of 10s m and

feature depth of 1 – 2 m, was ineffective at imparting uniform features to PDMS, and air drying
BC over a mold left air bubbles and interfered with the formation of uniform features. The use of
the features found on silicon wafers is an ineffective way to control the direction of the
elongation of fibroblasts.
Implications
As the result of conducting this research I was able to further develop my skills as an
engineering and a researcher. I was able learn more about experimental design and testing from
working on a problem with no clear solution. I was able to improve my writing skills and
attention to detail by having to make sure my lab note book properly documented the work that I
was doing and as a result of writing this research paper. My ability to work independently was
improved by having to keep myself motivated during sometimes tedious testing. My creative
process and problem solving were further developed by having to design my own experiments.
This research could lead to a more effective and less expensive method to align cells into
desirable geometry. Thus be used to improve wound healing technology, nerve cell growth, or be
used in other tissue engineering applications.
Recommendations
It is recommend that further research be conducted to uncover a method to reliably
control the direction of cell alignment as opposed to merely promoting elongation. Other factors
that could be tested include the distance between features and the width of the features
themselves. It is also recommended that even deeper features be tested to determine an optimal
feature depth for cell elongation and alignment. When conducting this type of work in the future,
good attention to detail is imperative. BC and the medium can easily be contaminated with mold
spores whenever they are removed from the incubator and BC takes approximately seven days to

grow. Accidently contaminating samples can lead to a significant amount of wasted time due to
the lengthy growth time.

Introduction
The recent direction that wound healing research has been progressing in is that of
dressing materials. The aim is to find materials that promote cell attachment and propagation
while providing an environment that encourages the growth for fibroblasts. Traditional types of
dressings, such as gauze, work to dry wounds preventing the entry and growth of harmful
bacteria. This has shown to not be an optimal approach for wound healing, a more effective
environment would be warm and wet. Armed with the knowledge that there is no universal
dressing for all wound types and many types of dressing materials must be perused for adequate
wound management, new dressing materials are constantly being tested [1]. One such material is
bacterial cellulose (BC). BC has been chosen as a dressing material for several reasons. The first
being that it is highly biocompatible so it will not harms the cells grown on it nor any organism
that those cells may be transferred to. The second being that the modulus of BC is similar to that
of most cells meaning that the BC can be bent without causing any harm to the cells attached to
it, and lastly it has a high water holding capacity leading to an increase absorbance of nutrients
from a medium solution [2]. Compared to other dressing materials, i.e. expensive protein-based
materials, BC has low rates of cell attachment and propagation [3], thus modification of BC to
promote cell attachment and propagation is desirable for some wound dressing or even tissue
engineering applications.
This project was created with the purpose of incorporating physical features into
polydimethylsiloxane (PDMS), which can be duplicated onto BC. These features were
hypothesized to serve as a guide for growing cells and organize proteins into various geometries.
These geometries can be used to promote structured cell growth to work as an inexpensive
alternative for burn victims and other tissue engineering applications. This structured cell growth

is especially important in applications related to cells that need to be elongated such as neurons.
The BC used was produced by Acetobacter xylinum (A. xylinum), a bacterial species, and the
cells used were Normal Human Dermal Fibroblast (NHDF) cells [2].
Two methods were attempted to impart the physical features onto PDMS. The first was a
fracturing method where oxidized PDMS that was chemically bonded onto oxidized glass slides
and scraped off using tweezers producing very fine and uniform strip features. The second
method used was to model the desired features and use a 3D printer to produce them. Afterwards
PDMS was poured onto the features and allowed to cure before being removed. Two methods
were used to impart the physical features on the BC. Sheets of BC were grown in petri dishes in
an incubator. Once removed those sheets were left to air dry on top of the PDMS mold
overnight. Alternatively the molds were laid feature side down in the BC medium for a week and
the BC was allowed to grow around the features in a method known as guided assembly-based
biolithography (GAB).
Background
Bacterial cellulose (BC)
BC was first discovered to be produced by A. xylinum in 1886 by Adrian J. Brown on the
surface of acetic ferment liquid [4]. The BC produced A. xylinum is molecularly identical to
cellulose produced by plants. The bacterial variety is superior to the plant cellulose in regards to
its purity and degree of polymerization [5]. Since its discovery, the use of BC has been proposed
as a material for medical applications and particularly dressing materials. When testing any
materials for use in medical applications the performance is critically altered by the effects the
material has on patient tissue and organs. BC has been used in the past due to its

biocompatibility, its modulus, its high water absorbance, and the commercial availability of the
product [2] [6].
Surface topography on cell growth
The act of altering the surface topography of a material for medical applications is
necessary due to weaker forces between the BC and cells, especially NHDF cells, than between
the cells and themselves. This weak attraction leads to lower rates cell attachment and
propagation than alternative dressing materials. The cells round up and become unable to attach
properly to the unaltered BC’s surface. Alternately protein-based materials tend to produce much
better surfaces for cells to attach to, their cost however is a barrier to their implementation [3].
Modifying surface topography leads to an increase in anchoring points for cells to attach to
causing the focal adhesion between the cell and the surface to be enhanced. Alternatively the BC
surface could be chemically altered to produce a surface that cells more readily attach to.
Surface feature generation
In the past, both soft lithography and fracture induction methods have been attempted to
produce features to transfer to PDMS. Soft lithography techniques use an original geometry to
produce a highly accurate negative replica in PDMS that can also be used in GAB [6]. Soft
lithography requires the use of a highly accurate PDMS mold to complete, a simple and
inexpensive way to produce such a mold would be to pour mixed pre-cured PDMS onto any
object with desired features and remove once cured [7]. Fracture induction produces features by
chemically bonding PDMS to glass and peeling it off leaving thin strips of PDMS attached to the
glass and producing features on the PDMS [8]. Both methods have been used to successfully
produce micro features in PDMS in this experiment. Soft lithography was more successful in

producing features on larger pieces of PDMS with features as uniform as on the original being
used.
GAB was first utilized in 2015 by placing a PDMS mold on the liquid air interface of a
BC culture to allow the cellulose to grow into the structured features of the mold. The BC was
left to grow at 26.5°C for seven days in a steady environment saturated with humidity. The BC
produced during this process was between 3 and 4 mm thick and was rinsed with 1 M NaOH for
80 minutes at 80°C to remove any living bacterium and then rinsed with DI water until a neutral
pH was produced to avoid harming the cells that were later attached. It was determined that
when coated with gelatin modified BC maintained its geometry and the alignment of surface BC
nanofibers while improving cell adhesion. [6]

Experimental Methods
Imparting Features to PDMS
Two methods were attempted to impart features into the PDMS. Both methods started
with preparing the PDMS mixture by combining the silicone prepolymer and in a 10:1 mass
ratio. In the first method the PDMS mixture was poured into a petri dish and left to cure
overnight in a 20ºC fume hood. The thickness of the PDMS sheet was controlled by how much
of the mixture was poured into the petri dish. Pieces of the PDMS sheet were oxidized with glass
slides in a UV ozone oxidizer for varying amounts of time. Then the oxidized faces were pressed
together and placed on a hot plate at 100°C for 30 minutes. After the samples were removed
from the heat and cooled to room temperature the PDMS was scraped off of the slide using
tweezers to produce features. This method is illustrated in Figure 1. The second method to impart
features on to PDMS was to place an object that already has features on it, the item used is

shown in Figure 2, into the bottom of the petri dish and pour the PDMS mixture on top of the
object as seen in Figure 3. The most used object for this purpose was a 3D printed disk with the
desired features designed on it. The PDMS mixture was left to cure overnight in a 20ºC fume
hood before being removed and trimmed with a razor blade. The second method produced
uniform features that were usable in further experimentation.

Figure 1 The schematic procedure for fabricating silicone strips by peeling

Figure 2 3D model of the mold used during soft lithography to fabricate features into PDMS. The features are 50 μm channels
that vary in depth staring at 300 μm, then 500 μm, and finally 700 μm and are spaced 400 μm apart.

Figure 3 The initial mold is generated by hot embossing of a thermoplastic polymer (PLA). A negative replica is then obtained on
PDMS by a soft-lithography step.

Growing BC
The BC used in this experiment was produced by A. xylinum and grown in medium with
a ratio of 400 water: 8.025 glucose: 1.25 peptone: 1.25 yeast: 1 disodium phosphate: 0.625 citric
acid. After the powders were fully dissolved in the water the medium was autoclaved to ensure
that it was sanitized. At one point, it was attempted to combine these dry powders in
proportioned bags for convenience, but it was found that the solution became too acidic and the
bacteria would not produce BC so this method was abandoned.
Petri dishes were sanitized under UV light for at least 15 minutes and then medium was
poured into them and seeded with A. xylinum from a vial that had BC growing in it. The dishes
were then placed in the incubator at 30oC to grow for a week. Grown BC went through a four
stage washing process. First it was kept in 1 wt% solution of sodium hydroxide for 24 hours, so
as to kill any remaining A. xylinum, and therefore purify the sheets. Then the sheets were moved
to another solution of 1 wt% sodium hydroxide until the solution stayed clear to ensure all
remaining bacteria was removed. The BC was then moved to a DI water container for 24 hours
and finally it was moved another DI water container for another 24 hours to ensure all sodium
hydroxide has been removed from the BC. The purified sheets of BC were kept at 4oC in DI
water until they were needed.

Modifying BC Surface Topography
Two methods were attempted to modify the surfaces of the BC. The first was to dry
sheets of BC on top of PDMS molds in a fume hood for 48 hours, also known as air drying.
Several issues arose with this method including air bubbles being caught under the BC and the
features being imparted tot the BC being very shallow. Other issues are that on some occasions
the BC would not dry flat making it difficult to photograph under a microscope. The other
method attempted was GAB, depicted in Figure 4, where the PDMS mold was sanitized and
placed feature side down floating in the medium solution before it was placed in the incubator.
The PDMS cleaned by first removing large physical contaminants using tape then by soaking it
in 70 wt% ethanol for 20 minutes to remove any film that may persist, and finally it was
sanitized under UV light for 15 minutes to ensure that all of the ethanol has evaporated and all
biological contaminants had been killed. Afterwards the petri dish was placed in the incubator
for a week to allow the BC to grow. The BC was cleaned and stored in the same way as other BC
sheets.

Figure 4 The surface-structured PDMS is placed at the interface of the fermentation culture and incubated for up to 7 days. A
surface-structured bacterial cellulose substrate is finally produced at the interface and can be easily harvested.

Attaching Cells and Staining
When the cells were attached to the modified BC the BC was sanitized by being under a
UV light for 15 minutes. The wells with the desired cells were cleared of medium and washed
once with a fresh does of cell medium. 4 wt% paraformaldehyde (PFA) solution was added to
the well and incubated for 15 minutes inside of a laminar hood. Then the PFA was removed and
phosphate-buffered saline (PBS) was added to keep the cells hydrated. They cells were left in the
incubator to grow and attach to the BC for a week. Cells on BC were stained using Sirius Red to
enhance their visualization. Pictures were taken using an Olympus optical microscope and
analyzed using ImageJ were the ratio of length to width was calculated along with the angle to
the feature the cells were positioned as shown in Figure 5.

Figure 5 Experimental sheet of BC with NHDF cells attached with a feature depth of 700 μm at a fixed feature distance of 400
μm and width of 50 μm. Showing how the length, width, and angle to feature were measured.

Data and Results
Whenever fracture inducing features was attempted the results were never uniform
enough for further experimentation. Figure 6 shows failures to produce adequately uniform
features through fracture induction. Figure 6 A shows small irregular defect in the features while
Figure 6 B shows a complete lack of uniform features. Several variables were tested including,
oxidation time for the glass and PDMS stamp, contact time, and method of peeling. All tests to
produce uniform features failed to do so.

A

B

Figure 6 Features produced by fracture inducing them onto PDMS

The only method that produced adequately uniform features in the PDMS to be further
used experimentally was soft lithography, as seen in Figure 7. Figure 8 depicts how unevenly
features would be imparted to the BC by air drying the BC onto a PDMS mold. That method was
deemed ineffective after 3 trails of failed results, each with attempts taken to remove air bubbles
trapped between the BC and the PDMS stamp. The red circle on Figure 8 indicates a stop were a
large air bubble was trapped and prevented the features from being imparted uniformly.
Ultimately GAB was used grow the BC around the PDMS mold and produce The effect of
features on the BC was determined by the angle between cells and the features, as well as the
ratio of their length to their width. The data was analyzed using a t-test in excel and .

Figure 7 PDMS features produced through soft lithography.

Figure 8 BC features produced by air drying BC on top of a PDMS mold
Table 1 shows the statistical relationship of the length to width ratio of cells on BC modified by air drying with features 50 μm
wide and 700 μm deep against a control sample

Mean L:W Ratio
P(T<=t) two-tail
Observations

Experimental
1.7E+00
4.32175E-16
60

Control
4.4E+00
88

Table 2 shows the statistical relationship of the length to width ratio of cells on BC modified by GAB with features 50 μm wide
and 700 μm deep against a control sample

Experimental

Control

Mean L:W Ratio

6.4E+00

3.1E+00

P(T<=t) two-tail

2.4E-15

Observations

154

, Mean Angle to Feature

31.6°

STDV of Angle to Feature

24.7°

140

Table 3 shows the statistics of the angle of cell elongation to the features on BC modified by GAB with features produced by an Si
wafer

Experimental
Observations

184

, Mean Angle to Feature

32.7°

STDV of Angle to Feature

31.6°

As seen in Figure 9 the features produced by air drying weren’t distinct enough to
determine an angle to feature for any of the trials. The only data that was able to be collected
from that trial was L:W ratios. The data shown in Table 1 shows a statistically significant
difference between the control and the surface modified BC in the opposite of the desired
direction. The difference is proven by the p value being 4.3*10^-6 which is lower than the alpha
value of 0.05 thus the null hypothesis is rejected.
Figure 10 shows that the control sample produced rounded and randomly aligned and
elongated cells. Out of the three different depths tested the only sample that produced usable
pictures was 700 μm, as such the data pertaining to that sample is what was analyzed and is
present in Table 2. Figure 11 and Figure 12 show that the shallower features of 300 μm and 500

μm respectively didn’t maintain their definition throughout the experiments. As can be seen from
Table 2 the p value is significantly lower than the alpha value of 0.05. Leading to the rejection of
the null hypothesis. The average angle between the elongated cells and the surface features was
31.6° with a standard deviation of 24.7° as shown in Table 2. No data on angles between features
and cells was collected from the control due to its lack of surface features to make the
measurement off of.
One other set of experiments was run to determine the effectiveness of the features found
on silicon wafers. The silicon wafer samples were some of the most promising samples in terms
of cell propagation as seen in Figure 14. Unfortunately it was later determined the controls for
the run were contaminated with hydrochloric acid and were thus unable to be properly analyzed.
The only data that could be pulled was the angle to features of cells. Table 3 shows the data from
the experiment where features from silicon wafers were being tested. The mean angle to feature
was 32.7° and the standard deviation was 31.6°. Figure 14 shows strong alignment to the features
but combined with other the samples from the same test a strong relationship could not be
conclusively found.

Figure 9 Experimental sheet of BC, modified by air drying, with NHDF cells attached with a feature depth of 700 μm at a fixed
feature distance of 400 μm and width of 50 μm.

Figure 10 Control sheet of BC with NHDF cells attached for experiment with different feature depths at a fixed feature distance
and width.

Figure 11 Experimental sheet of BC, modified by GAB, with NHDF cells attached with a feature depth of 300 μm at a fixed
feature distance of 400 μm and width of 50 μm.

Figure 12 Experimental sheet of BC, modified by GAB, with NHDF cells attached with a feature depth of 500 μm at a fixed
feature distance of 400 μm and width of 50 μm.

Figure 13 Experimental sheet of BC, modified by GAB, with NHDF cells attached with a feature depth of 700 μm at a fixed
feature distance of 400 μm and width of 50 μm.

Figure 14 Experimental sheet of BC with NHDF cells attached with a features produced from a Si wafer.

Discussion/Analysis
The null hypothesis in this experiment was that there was no statistically significant
difference between the modified BC and the control. In the first experimental run the null
hypothesis was rejected in the opposite direction that was desired due to the p value in Table 1
being significantly lower than the alpha value of 0.05. The data showed statistically better
elongation result from the control than from the BC with a modified surface. In the second set of
experimental data the null hypothesis is to be rejected due to the p value shown in Table 2 being
significantly lower than the alpha value of 0.05. This is evidence that modifying the surface
topography of BC leads to a statistically significant increase in the ratio of the length to the width
of the cells. This result is import for work related to cells that must grow into specific
geometries, such as nerve cells which must be elongated. The two results are not contradictory
due to them testing different techniques to impart features to BC. That results is evidence that
GAB produces better features for cell elongation that air drying does. The angle between the
feature and the cells was, on average 31.6° with a standard deviation of 24.7°. That result means
that 68.2% of the measured cells produced angles that fit within 54.9% of the range of angles
that could be produced. This result means that based on the experiments conducted the
orientation of cell growth cannot be reliably controlled solely with modified surface topography
using the features that were designed and 3D printed. For the features produced by the silicon
wafer the angle between the feature and the cells was, on average 32.7° with a standard deviation
of 31.6°. That result means that 68.2% of the measured cells produced angles that fit within
70.2% of the range of angles that could be produced. This result means that the silicon wafer
features produced, on average worse alignment and produced more results further away from the
average than the 3D printed features. Further showing an inability to reliably control elongation

direction. It is recommended that further research be conducted to determine what the effect of
varying the width of features has on the cell elongation and its alignment in relation to the
features on the BC, if any.
Conclusions
The techniques of air drying and GAB were tested and GAB proved to be more effective
at physically modifying the surface sheets of BC and at promoting the elongation of NHDF cells.
The use of highly regular features that were designed and printed proved to be more effective at
controlling the direction of elongation than features that found on silicon wafers.
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